to take full advantage of high-throughput genetic and physical interaction mapping projects, the raw interactions must first be assembled into models of cell structure and function. panGIa (for physical and genetic interaction alignment) is a plug-in for the bioinformatics platform cytoscape, designed to integrate physical and genetic interactions into hierarchical module maps. panGIa identifies 'modules' as sets of proteins whose physical and genetic interaction data matches that of known protein complexes. Higher-order functional cooperativity and redundancy is identified by enrichment for genetic interactions across modules. this protocol begins with importing interaction networks into cytoscape, followed by filtering and basic network visualization. next, panGIa is used to infer a set of modules and their functional inter-relationships. this module map is visualized in a number of intuitive ways, and modules are tested for functional enrichment and overlap with known complexes. the full protocol can be completed between 10 and 30 min, depending on the size of the data set being analyzed.
IntroDuctIon
Genetic interactions are defined as functional relationships between genes that result when the phenotypic effect of one gene is altered by one or several other genes 1, 2 . Such interactions have been used to uncover pathway architecture in model organisms [3] [4] [5] [6] . In humans, genetic interactions are thought to influence numerous phenotypes of interest, from expression 7 to complex diseases 8 to drug resistance 9 . Recently, a number of technologies such as synthetic genetic arrays 6, [10] [11] [12] and heterozygote diploid-based synthetic lethality analysis with microarray 13 have facilitated the rapid screening of genetic interactions in model organisms. In human cell lines, combinatorial RNA interference screening technologies have begun to show promise in uncovering genetic interactions 14, 15 . As a result of these high-throughput technologies, the amount of genetic interaction data available in the public domain has increased rapidly. As of December 2010, the BioGRID interaction database housed nearly 175,000 genetic interactions spanning 11 different species 16 . Interpreting the functional significance of each genetic interaction remains a daunting task. One promising solution has been to interpret genetic interactions in the context of their relationships to physical protein-protein interactions (Fig. 1a ) [17] [18] [19] [20] . At least two distinct models have been put forth to reconcile genetic and physical interactions. The 'within-cluster' model seeks to identify clusters of proteins that are enriched for both physical and genetic interactions (Fig. 1b) . We refer to such clusters of proteins and the interactions occurring among them as a module. Modules are often interpreted as functional protein complexes 6, [17] [18] [19] or signaling pathways 9 . In contrast, the 'between-cluster' model seeks genetic interactions that are enriched across two clusters of interacting proteins (Fig. 1b) . Such intermodule links have been shown to identify synergistic or compensatory relationships between protein complexes or signaling pathways 3, 18, 20 . Figure 1c shows an example module map consisting of four modules connected by three intermodule links. The genes in each of these four modules are associated with a strong within-cluster signal, and, furthermore, they coincide with known Saccharomyces cerevisiae physical complexes (Fig. 1c) . Set3p and Rpd3s are both histone deactylase complexes involved in transcriptional regulation. The Hir complex functions in replication-independent nucleosome assembly, whereas the UTP-C complex is a component of the 90S preribosome. The intermodule link between Set3p and Rpd3s suggests a functional synergy between the two complexes. Consistent with this hypothesis, several studies have illustrated that the two are jointly responsible for the the activation of DNA damage response genes via the recruitment of RNA Polymerase II (ref. 21) .
Several methods have been previously published [17] [18] [19] 22 for analyzing interactions to identify both within-cluster and betweencluster functional organization. However, these methods have not yet been made available through a publicly accessible software package. Here we introduce a novel software tool, PanGIA, along with a general bioinformatics protocol for integrative analysis of genetic interactions. PanGIA implements a previously published framework 20 as a plug-in for the open-source network analysis platform, Cytoscape 23, 24 , and allows the user to easily generate maps of modules and module inter-relationships from genetic and physical interaction data (see Fig. 1 for an overview). A number of options are available to the user for constructing and visualizing the resulting module map. PanGIA is built on the new Cytoscape 2.8 architecture 25 , which features the ability to view and manipulate nested networks, thereby enabling the user to explore both the global map as well as individual modules in an intuitive manner. Finally, individual modules can be interrogated using a number of functional enrichment options.
The computational workflow presented here has been used in the analysis of genetic networks centered on genes involved in chromosomal biology 3, 20 , RNA processing 26 , secretory pathways 5
Assembling global maps of cellular function through integrative analysis of physical and genetic networks
and DNA damage response 9 . This analysis has also been used in comparing genetic networks across two different species 27 . In each case, the module maps generated have helped to identify novel pathways as well as new components and functions for existing complexes 9, [18] [19] [20] 27 . While this workflow has proven useful in the analysis of numerous genetic interaction data sets, the module search process works best when there is a high density of protein and genetic interactions among the set of genes being studied. For species in which there is a scarcity of either genetic interaction or physical interaction data, this protocol may not identify a significant number of modules or intermodule relationships. This limitation will become less relevant as large-scale interaction screens continue to populate the scientific databases.
This protocol is divided into five basic sections (Fig. 2) . The first section, 'Importing physical and genetic networks into Cytoscape', describes the available sources of interaction data and means of acquiring these data within Cytoscape. Second, 'Generating a module map using the PanGIA plug-in' covers the use of the PanGIA plug-in and is further divided into four subsections covering the various aspects of its use ('Selecting a physical and genetic network', 'Setting the module size and edge reporting parameters', 'Training PanGIA' and, finally, 'Labeling modules'). The third section, 'Visualization of the module map using nested networks', introduces ways in which the user can navigate and visualize the resulting module map. Fourth, 'Functional enrichment of the modules' illustrates methods to identify enriched biological functions and pathways among the identified modules. Finally, 'Exporting the results' covers the various ways in which the module map can be exported from Cytoscape for further analysis or for inclusion as figures in a publication. SET3  HOS4  HOS2   SIF2   EAF3  PHO23   SAP30  RPD3  RXT2   SIN3 SDS3 RXT3  CTI6  RCO1  UME1   Rpd3S  complex  UTP C  complex   CKB2   CKA2  SPT16  CKB1   CHD1 CKA1 CTR9  RTF1  CDC73   LEO1   POB3 PAF1   HIR complex   HIR2  HIR1   HPC2   HIR1   HPC2   Within-cluster  model  Assess significance  of intermodule links   TRA1   SDS3   PHO23   SIN3  UME1  RXT2   RXT3   DEP1  SAP30   CTI6   LEO1   CKB2   RTF1 CKA1 PAF1 CDC73 HOS4 RPD3 Figure 1 | Overview of PanGIA's method for identifying a module map of cellular function from physical and genetic networks. (a) PanGIA takes as input a physical and genetic network. Black edges refer to physical interactions, whereas turquoise edges refer to genetic interactions. (b) Both within-cluster and between-cluster models are identified using the physical and genetic network. A withincluster model or module consists of a set of genes connected by a large number of physical and genetic interactions. In this example four within-cluster models are identified. A between-cluster model or intermodule link consists of two within-cluster models spanned by a bundle of genetic interactions. Here, five putative between-cluster models have been identified. The size of within-cluster models can be controlled via the Module Size parameter. Higher values of the Module Size parameter lead to larger complexes (denoted by the dashed line). (c) If quantitative interaction data have been made available, the significance of each between-cluster model can be assessed. Only significant intermodule links are displayed in the final module map (three of the five putative intermodule links are significant in this example). The thickness of the line reflects the score of the intermodule link, which is based on the number of physical and genetic edges spanning the two modules. If a biological annotation set is provided, PanGIA will check the overlap between the set of genes comprising the annotation and the set of genes comprising each module. If the overlap exceeds a userspecified threshold, the module will be labeled with the name of the annotations. Here, all four modules overlap with known complexes and are labeled accordingly.
Importing physical and genetic networks into Cytoscape
This section of the PROCEDURE (Steps 1-18) describes the various ways in which a physical or genetic network can be imported for analysis into Cytoscape. A previous protocol has outlined the various file formats Cytoscape can recognize as well as provided detailed instructions on how each file type can be imported 24 . The present protocol will instead focus on importing networks in a tab-delimited format (Box 1). Table 1 provides examples of several different databases from which interaction data (both genetic and physical) can be downloaded in a tab-delimited format for over 50 organisms.
Generating a module map using the PanGIA plug-in Selecting a physical and genetic network. This section of the PROCEDURE (Steps 19-23) describes the steps necessary to select which physical and genetic networks are to be analyzed. At this point, PanGIA is fully configured and the module search process can be initiated. However, PanGIA is designed with four optional features designed to fine-tune and enhance the search process. We describe these optional features in the subsequent sections.
Setting the module size and edge reporting parameters (Steps 24-26).
The first optional feature is the 'module size' parameter. This parameter helps to control both the size and number of modules by rewarding the formation of larger modules. Thus, higher values of this parameter results in the formation of larger, but fewer modules. Lower values produce the opposite effect (Fig. 1b) . It is recommended that the module size parameter initially be left at the default value. If the resulting module map contains very large modules, the module size parameter can be suitably altered and the module search process re-run to produce smaller and more biologically meaningful modules.
The second optional feature is dependent on the presence of quantitative genetic interaction data. Many of the recent experimental technologies for measuring genetic interactions go beyond reporting interactions in a simple binary format (interacting or noninteracting) and provide some measure of confidence in a given interaction. For example, in the synthetic genetic array technology 12 and a recent variant called epistatic mini-array profiles 3, 11 , each double mutant is assigned a quantitative signed score, where positive scores indicate that the double mutant grew better than expected (e.g., suppression) and negative scores indicate pairs for which the double mutant grew worse than expected (e.g., synthetic sick or synthetic lethal) 11, 12 . Table 1 outlines numerous databases that contain quantitative interaction data.
If quantitative genetic interaction data are provided, each intermodule link can be assessed for significance. A P value is assigned by comparing the sum of the interaction confidence values for all genetic interactions spanning two modules (i.e., intermodule link) to a distribution of the sums of confidence values of an equal number of genetic interactions drawn at random 20 (Fig. 1c) . The edge reporting parameter serves as a threshold; only those interactions with a P value less than this threshold are displayed in the final module map. By default, this parameter is set to 0.1, thus displaying only those intermodule links with P < 0.1.
Training PANGIA (Steps 27-29).
The next optional feature relies on the presence of a biological annotation set. Examples of an annotation set that can be used include physical complexes, signaling pathways, metabolic pathways or even broad biological processes. Table 2 provides a list of databases where an annotation set can be downloaded for a range of different organisms.
The optional training procedure built into PanGIA is designed to help identify modules that are more likely to be biologically relevant, i.e., modules that contain genes that operate in the same complex or biological process. By default, the module search process is designed to identify sets of genes that are densely connected by physical and genetic interactions. However, some interactions can be given more or less influence based on their quantitative score. PanGIA can determine how likely a certain interaction (either physical or genetic) is to connect two genes within a known complex or biological process using an existing annotation set. Examples of such a set include physical complexes (e.g., INO80 complex), signaling pathways (e.g., the mitogen-activated protein kinase (MAPK) pathway), metabolic pathways (e.g., glycolysis) or biological processes (e.g., DNA damage response genes). Using 20 . The module search process will now seek to identify sets of genes that are connected by highly weighted physical and genetic interactions. As the weight of an interaction corresponds to how likely it is to connect two genes belonging to the same physical complex or pathways, the modules identified will contain genes that are functionally similar.
Labeling modules.
The genes composing a module may function in the same biological process or encode members of the same protein complex. If a biological annotation set is provided, PanGIA will check to see if the module gene set overlaps with the annotation gene set. Here overlap is defined using the Jaccard similarity coefficient (intersection/union), which ranges from 0 (no overlap) to 1 (perfect overlap). If the Jaccard coefficient exceeds a user-specified threshold, then the module will be labeled with the name of the annotation in the final module map (Fig. 1c) . This PROCEDURE subsection (Steps 30-32) covers how this labeling feature can be enabled and provides instructions on how to set the overlap threshold.
Visualization of the module map using nested networks
PanGIA is built on the new Cytoscape 2.8 architecture, which features the ability to view nested networks (i.e., each node in a network can represent an entire subnetwork). Instructions are provided for laying out the network of modules and intermodule links and for probing individual modules. This PROCEDURE section is divided into three subsections, 'Navigating the module map' (Steps 33-35), 'Finding modules of interest' (Step 36) and 'Exploring modules of interest' (Steps 37-45), which cover the various ways in which both the module map and individual modules can be interrogated.
Functional enrichment of the modules
Modules will often contain genes of unknown function. One way to dissect the function of modules uncovered in this workflow is to examine if they are substantially enriched for any functional annotations. This can be used to identify new components of existing complexes or to identify entirely new physical complexes or pathways 3, 18, 20 . This PROCEDURE section (Steps 46-49) outlines the steps for checking for enriched Gene Ontology (GO) functional terms 28 using the BiNGO plug-in 29 .
Exporting your results
This PROCEDURE section (Step 50) covers the various options for exporting the resulting module map.
Box 1 | THE TAB-DELIMITED NETWoRK FoRMAT
In the tab-delimited network format each line in the file represents a single interaction and consists of two or three parts separated by a tab-character. The first part is the source node. The second part is the target node. . Instructions for installing these plug-ins are outlined in PROCEDURE Steps 2-4.
MeV version 4.6 or higher MeV or MultiExperiment Viewer
32 is an integrated toolkit for clustering and visualizing large-scale genomic data. This protocol uses MeV to view modules as a hierarchically clustered heat map. Instructions for downloading and installing MeV can be found at http:// www.tm4.org/mev/. Data files PanGIA requires both a physical and genetic network in a tabdelimited format (Box 1). Sample protein and genetic interaction networks are provided as examples to illustrate the protocol. The physical interaction network (Supplementary Data 1) was taken from a recent integration of two high-throughput protein interaction screens 33 . Each physical interaction was assigned a Purification Enrichment score, with larger values representing greater confidence in the physical interaction. The genetic interaction network (Supplementary Data 2) was obtained from a large epistatic miniarray profile screen, which measured all possible genetic interactions among 743 genes involved in yeast chromosomal biology 3 . Each genetic interaction was assigned an S-score representing both the magnitude and confidence in
Box 2 | THE NoDE ATTRIBUTE FILE FoRMAT
Annotation and physical complex/pathway data are read into Cytoscape using the node attribute file. This file maps individual genes to a given annotation or physical complex. The first line in this file represents the name of the annotation set being imported. Each subsequent line represents a mapping between a gene and an annotation and consists of two parts. The first part represents the gene or protein name. The second part represents the annotation to which the gene belongs to. If a gene maps to multiple annotations, annotations should be separated two colons (i.e., '::'). The two parts (gene and annotation name) are separated by an equal sign (i.e., ' = '). The annotation name is surrounded by parentheses. A sample file might look like this: CYC2008 YDR473C = (U4/U6 × U5 tri-snRNP complex::TRAPP complex) YOR373W = (SPB components) The first line specifies the name of the annotation set being imported into Cytoscape. In this case, the annotation set is called 'CYC2008' . The gene YDR473C has been mapped to two annotations, 'U4/U6 × U5 tri-snRNP complex' and 'TRAPP complex' . The gene YOR373W has been mapped to a single annotation, 'SBP components' . The Supplementary Data contains a node attribute file named 34, 35 . This file illustrates an example of a Cytoscape node attribute file, which allows nodes in a network to be mapped to a particular attribute (Box 2). In this case, yeast genes are mapped to the various physical complexes in which they participate. This file is used to demonstrate how a set of known biological modules can be used to train PanGIA to identify more biologically meaningful modules and intermodule relationships (covered in the 'Training PanGIA' PROCEDURE subsection, Steps 27-29). Additionally, this file is used during the 'Module labeling' section of this protocol (Steps 30-32) to check if the identified modules correspond to known protein complexes. 
5|
After installing the required plug-ins, start the PanGIA plug-in by navigating to the Plug-ins menu and selecting Module Finders → PanGIA.
6|
After PanGIA has started, the PanGIA console will appear (Fig. 3) . The console is divided into three main panels: the Physical Network panel, where details regarding the physical network will be entered; the Genetic Network panel, where details regarding the genetic network will be entered; and the Advanced Options panel, which can be expanded by clicking on the triangle located next to the word 'Advanced' . This panel contains multiple advanced options for tuning the modulefinding process. Four additional areas of interest are the Cytoscape canvas, which displays network visualizations and may be initially blank; the Data Panel, which is used to display node, edge and network attribute data; the Toolbar, which contains numerous command buttons; and the Network Browser, which can be accessed by clicking on the tab titled 'Network' (Fig. 3) . The Network Browser provides a list of networks currently available along with the number of nodes and edges in each network.
7| Next, we import both a physical and a genetic network to be used in the analysis. Assemble the data in a tab-delimited format as described in Box 1. Users wishing to follow this protocol as a tutorial should download the supplementary Data 1 (Collins_physical_network_example.txt) and supplementary Data 2 (Collins_genetic_network_example.txt) and continue with Step 8.  crItIcal step PanGIA is designed to work with both quantitative and nonquantitative interaction data. However, any single network (either physical or genetic) must consist of a single type of interactions (i.e., either all quantitative interactions or all non-quantitative interactions).
8|
Click on the File menu, then select Import → Network from 10| Specify an interaction type that will enable Cytoscape to differentiate between protein and genetic interactions. Check the box titled 'Show Text File Import Options' and, under Network Import Options, enter a meaningful string character in the Default Interaction box (e.g., 'pi' or 'gi', depending on whether physical interactions or genetic interactions are being imported).
11|
Optional step: Use this step if quantitative interaction strengths are attached to the network. In the Preview panel launched in Step 9, left-click the column, which represents the quantitative attribute under the Preview panel, to enable the import of this attribute into Cytoscape. Right-click the same column, and, when prompted, type in an appropriate Attribute name (e.g., PScore or GScore, depending on whether the physical or genetic network is being imported); click OK. Make sure to note the name used. You will need it later when selecting the attribute to be used in the training process. If the sample data are being used, the quantitative attribute for each interaction will be present in the third column.  crItIcal step The quantitative attribute provided should be either an integer (e.g., numbers such as 1, − 2 or 514) or a floating point (e.g., numbers such as 2.343, − 45.7687 or 74.3).
12|
Click the Import button located in the lower right-hand corner. The physical network should now appear in the Cytoscape canvas area. The title of the network should be the name of the file provided.
13|
Repeat Steps 8-12 to import the genetic network.
14|
Optional step: Steps 14-18 should be used if the physical and genetic networks use different gene identifier systems (e.g., UniProt ID versus Ensembl ID). PanGIA requires that the two networks use the same gene identifier system. To convert between two gene identifier systems, assemble an ID translation file into a tab-delimited format as described in Box 3. This file should contain a map between the gene identifier system currently being used and the target gene identifier system. Users following this protocol as a tutorial using the sample data provided should skip to Step 19. Generating a module map using the panGIa plug-in: selecting the physical and genetic network 19| In the uppermost panel in the PanGIA console (Physical Network panel, see Fig. 3 ), select the physical network to be used in the Network selection box. The name of the physical network will correspond to the name of the file from which the network was imported.
20| Select the genetic network to be used in the Network selection box located in the Genetic Network panel. Again, the name of the network will correspond to the name of the file from which it was imported.
21|
Optional step: Use this step if quantitative interaction data are being used. In the Attribute drop-down menu located in the Physical Network panel, select the appropriate attribute name (i.e., the name assigned to the quantitative attribute for physical interactions from Step 11) . Similarly, select the appropriate attribute name for genetic interactions in the Attribute drop-down menu located in the Genetic Network panel.
22| Optional step:
Use this step if quantitative interaction data are being used and no biological annotation data are present. Even without a set of known complexes or pathways, PanGIA can leverage the confidence values assigned to each interaction (physical or genetic) to identify modules and intermodule links that contain highly confident interactions. However, it is necessary to let PanGIA know how the quantitative information is scaled. In the Scale selection menu located in both the Physical Network and Genetic Network subpanels (Fig. 3) , choose one of the following options: 'lower'-this option indicates that smaller quantitative values (both positive and negative) represent more confident interactions; 'upper'-this option indicates that larger quantitative values (both positive and negative) represent more confident interactions; or 'none (prescaled)'-this option should only be chosen if the quantitative attribute attached to either the physical or genetic interactions already represents the likelihood that a given interaction falls within a known biological module. This option enables the user to perform the training procedure outside of PanGIA and use the subsequent results in the module search process. If the example files are being used, simply choose 'none' . During the training process, PanGIA will automatically scale the score attached to each interaction to reflect how likely that interaction is to fall either within a module or between two modules.
23|
Optional step: Use this step if the gene identifiers in either the physical or genetic network were mapped to a new gene identifier. In the Advanced Options panel, select the target gene identifier to which genes in both networks were mapped to under the Node Identifiers subpanel. If no gene identifier mapping was performed or if the user is following this protocol with the sample data, skip to Step 24.
Generating a module map using the panGIa plug-in: setting the module size and edge reporting parameters (optional) 24| Optional step: PanGIA features a number of advanced options for tuning the search process. The size and number of modules returned by the search process can be controlled by changing the Module Size parameter (located in the Advanced Options panel). This can be done using the graphical slider in the Search Parameters panel. Dragging the slider to the right
Box 3 | THE TAB-DELIMITED ID MAPPING FILE
PanGIA requires that the gene identifiers used in the physical and genetic network are of the same type. If the gene identifier used in these two networks differ from one another (e.g., the genetic network uses the Entrez gene identifier, whereas the physical network uses the Ensembl gene identifier), the CyThesaurus plug-in can be used to map between gene identifiers. As input, the plug-in requires a tab-delimited file that provides a mapping between the two identifiers. The first line in this file provides the names of the two different gene identifiers. Each subsequent line consists of two tokens separated by a tab character. The first token represents a gene described using the first gene identifier, whereas the second token represents its corresponding identity in the second identifier. An example file might look like this:
Ensembl Gene ID UniProt Gene ID ENSG00000211890 IGHA2_HUMAN ENSG00000211891 IGHE_HUMAN The first line specifies the name of the two gene identifiers, Ensembl Gene ID and UniProt Gene ID. Each subsequent line provides a mapping between these two gene identifiers for a single gene.
will result in fewer modules with larger average size, while dragging the slider to the left will result in more modules with a smaller average size (Fig. 1b) . The value of the Module Size parameter will be displayed in a text box to the right of the slider. It is recommended to leave the slider in its default position for the first run and to adjust it later if the results are unsatisfactory. For the sample data provided, set the Module Size parameter to − 1.6 by moving the slider to the left.
25|
Optional step: Often, the physical network being used covers a much larger set of proteins than those examined in the genetic interaction screen. In such a case, it is often useful to trim the physical network to include only proteins that are either present in the genetic network or are neighbors of such proteins within the physical network. This trimming is controlled by setting the 'network filter degree' parameter (located in the Advanced Options panel). A value of 0 will trim the physical network to only include nodes from the genetic network. Higher values represent the acceptable distance (through edges) separating a protein in the physical network from a node in the genetic network. If no trimming is desired, leave the box blank to prevent PanGIA from filtering any nodes. If the sample data file is being used, leave the network filter degree parameter at its default value of two.  crItIcal step The network filter degree parameter provided should be a positive integer (e.g., numbers such as 1, 2 or 10).
26|
Optional step: Use this step only if quantitative interaction data are present. Every intermodule link found by PanGIA can be assigned a P value, after which insignificant edges are filtered from the resulting module map. The significance threshold can be set by changing the position of the slider in the Edge Reporting subpanel. Dragging the slider to the left (toward 'Less') will result in a higher significance threshold and less intermodule links in the final map (Fig. 1c) . The P value cutoff will be displayed in a text box immediately to the right of the slider. If the example files are being used, move the slider to the left and set the threshold to 0.05.
Generating a module map using the panGIa plug-in: training panGIa (optional) 27| Optional step:
Steps 27-29 should be used only if an annotation set is present. The training and module labeling steps require a list of annotations to be imported into Cytoscape. Assemble your list of annotations into the node attribute file format as described in Box 2. Import this file into Cytoscape by navigating to File → Import → Node Attribute…. Navigate to the appropriate file and click Open. If using the sample data, the file CYC2008_yeast_complexes.txt (supplementary Data 3) should be used in this step.
28| Optional step:
In the Annotation subpanel under Advanced Options, select the annotation attribute that will be used during the training and labeling process. The name of the annotation set is specified in the node attribute file, which was uploaded in the previous step (see Box 2 for more details). If the sample data have been used, the attribute name will be CYC2008. Select the annotation set name in the selection box titled Annotation attribute.
29|
PanGIA can be trained to better identify module and intermodule links by examining actual examples of biological modules provided in the annotation set. To train PanGIA, simply check the box titled 'Train PanGIA' in the Annotation subpanel. If the sample data are being used, make sure this box is checked.
Generating a module map using the panGIa plug-in-labeling modules (optional) 30|
Optional step: This step should only be used if an annotation set is present. PanGIA can label individual modules with the name of an annotation, if their member genes overlap with the genes belonging to that annotation (Fig. 1c) . To have PanGIA label modules, check the Label modules box in the Annotation subpanel (Fig. 3) . Next, specify the overlap threshold (defined here as the Jaccard index) in the Labeling Threshold text box. If the sample data are being used, set the Labeling Threshold to 0.2. ? trouBlesHootInG 31| Optional step: If desired, PanGIA can output a report containing a summary of the module-finding process. This includes a summary of the networks used by PanGIA, the results of the training process and a summary of the resulting module map. To have PanGIA output a report, specify an output file in the Report subpanel. After a successful search, an HTML file will be created, which can be viewed using any Internet browser.
32|
At this point, PanGIA is fully configured. The module search process can be initiated by clicking the Search button located at the bottom-right corner of the PanGIA console. Depending on the size of the network and the computer hardware, the module-finding process should take anywhere from 1 to 10 min. If the sample data are being used, the search process should take less than 1 min. ? trouBlesHootInG Visualization of the module map using nested networks: navigating the module map 33| Once the search process is complete, a window titled 'Module Overview Network' will appear in the Cytoscape Canvas panel (Fig. 4a) . This network is the resulting global module map. Each node represents an individual module composed of a set of genes densely interconnected by genetic and physical interactions. The area of a module scales according to the number of genes that it contains. Links between modules are composed of genetic interactions; the thickness of the interactions corresponds to the number of genetic interactions spanning the two modules. If the labeling option was chosen, modules that overlap with one of the annotations provided will be labeled as such (Fig. 4a,b) .
34|
You can zoom into the module map using the Zoom In button on the toolbar. This icon is displayed as a magnifying glass with a ' + ' symbol in the middle. You can zoom out by clicking on the Zoom Out button (magnifying glass with a ' − ' symbol in the middle). Alternatively, you can zoom in and out using the scroll wheel on the mouse. Scrolling up zooms into the area centered on the mouse pointer. Scrolling down zooms out on the area centered on the mouse pointer.
35|
To pan around the module map, two options are available-using the mouse (option A) or using the network browser (option B): (a) using the mouse (i) Click the middle button on the mouse (or the scroll wheel, if present) anywhere in the active network being viewed in the Cytoscape canvas and drag the mouse in the desired direction. (B) using the network browser (i) Navigate to the 'Network Browser' by clicking on the Network tab (Fig. 3) located to the left of the PanGIA tab. In the bottom half of the Network Browser is a bird's-eye view of the active network being viewed in the Cytoscape canvas; a blue selection box highlights the particular region of the network currently being viewed. To pan around the network, click and hold the blue selection box and move it in the desired direction.
Visualization of the module map using nested networks-identifying modules of interest 36|
To further investigate modules of interest (i.e., function enrichment or detailed visualization), the module or modules of interest must be selected. We describe three different options for doing so: direct selection of modules (option A), direct selection of intermodule links (option B) and search-based selection of modules (option C). (a) Direct selection of modules (i) Select any single module by clicking on it the with the left mouse button. The selected module will turn yellow. Several modules can be selected by holding down and dragging the left mouse button to define a rectangular selection region. Alternatively, multiple modules may be selected by holding down the shift button and left-clicking on multiple modules. (B) Direct selection of intermodule links (i) To select any edge, click on the edge with the left mouse button. The selected edge will turn red. Several edges can be selected by holding down and dragging the left mouse button to define a rectangular selection region. (c) search-based selection of modules (i) To find and highlight modules in the map that contain a gene of interest, enter the name of the gene into the Enhanced Search plug-in search box located in the command toolbar (Fig. 3) . If your gene of interest falls within a module, that module and its intermodule links will be highlighted yellow.
Visualization of the module map using nested networks-exploring modules of interest 37| PanGIA returns numerous useful statistics or attributes regarding the modules identified, including module size, number of physical/genetic interactions among the genes in this module and so on. A complete list of attributes returned by PanGIA is provided in table 3. The Data Panel (Fig. 3) can display any/all of the attributes listed in table 3. Select a module(s) of interest from the module map displayed in the Cytoscape Canvas as described in Step 36. When a single module or groups of modules have been selected in the Cytoscape Canvas, the selected modules will be listed in the Data Panel (Fig. 3) . Next, click on the Select Attributes button located in the upper left corner of the Data Panel. This will cause a list of attributes to appear; select which attributes you wish to view by clicking on their name. Exit this menu by clicking anywhere else.
38|
The Data Panel can also display detailed information regarding intermodule links in the map. Select one or more intermodule links of interest in the map as described in Step 36. In the Data Panel, click on the tab labeled Edge Attribute Browser. The panel will display the edges that have been selected. Similar to the modules, intermodule links identified by PanGIA also have several informative attributes as outlined in table 3. These attributes can be viewed by selecting them through the Select Attributes menu (see Step 37).
39|
To visually inspect a single module or a group of modules in greater detail, select the module(s) of interest as outlined in Step 36. Next, right-click any of the selected module(s) and choose PanGIA → Create Detailed View. A new window will appear in the Cytoscape Canvas area containing the module (Fig. 4c) or modules (Fig. 4d) of interest. In this detailed view, each node represents a single gene. Edges represent either physical interactions (colored black) or genetic interactions (colored turquoise). If quantitative genetic interaction data are used, positive genetic interactions will be colored yellow, whereas negative genetic interactions will be colored turquoise (Fig. 4e) . 
40|
The network displayed in the detailed view can be laid out and manipulated similarly to the module map as described in Steps 33-35. Individual genes and interactions between genes can be selected similarly to the way in which modules are selected in the module map as described in Step 36.
41| Optional step:
Steps 41-44 should be followed if quantitative interaction data are present. An alternate means of visualizing a single module or a set of connected modules is via a hierarchically clustered heat map (Fig. 4f) . 
45|
In cases in which a module may contain one or more genes with an unknown function, it is useful to be able to query an external web-based database such as Ensembl or Entrez. Cytoscape features the ability to automatically connect to and query external web databases. Right-click on a gene of interest within the Detailed View and navigate to the LinkOut menu. Numerous databases will be listed including Ensembl, KEGG, UniProt and Entrez. Select one of these databases. An Internet browser window will open automatically displaying any information the selected database has on the gene of interest. This feature provides an effective way to interrogate the function of unannotated genes. 
47|
Select the module or modules of interest that will be examined for an enriched function. Create a Detailed View as outlined in Step 39. Select the genes contained in the module(s) that will be screened for an enriched GO function. To select all genes, simply press Ctrl + A simultaneously (or Command + A, if using Mac OS X).
48| Type in a meaningful name for the set of genes being examined in the box titled 'Cluster name' . Under the Select Organism/Annotation menu, choose the appropriate organism (for the sample data choose Saccharomyces cerevisiae). For the remaining options, the default values will typically suffice. Click Start BiNGO. Depending on the number of genes selected and the computer hardware, this process will take 5-10 min. ? trouBlesHootInG 49| BiNGO will return an output window containing a list of GO terms that were found to be enriched along with their respective P values. BiNGO will also return a network of GO terms showing the inter-relationships between the various GO terms that were found to be enriched. The color of each term represents its significance of enrichment. This includes all networks that were loaded or generated (physical, genetic, module map, individual modules), any custom visualization styles that were employed and any enrichment results obtained from BiNGO. Saving to a session file will enable the user to continue the analysis at a later point. (ii) To save the entire PanGIA session to file, select File → Save As. Type in the name of the output file and click Save.
? trouBlesHootInG Troubleshooting advice for specific steps in the protocol can be found in table 4. In addition, we outline two of the biggest problems a user may face and potential solutions to these problems below:
Module size issues
In some cases PanGIA may fail to return any modules or it may return modules that are either very large or very small (i.e., that consist of a single gene). The problem may be addressed by moving the Module Size slider bar in the Advanced Options panel (see Step 24) . Dragging the slider to the right will generally result in fewer but larger modules. Dragging it to the left will have the opposite effect. Once the slider has been set to a new position, make sure the rest of PanGIA is properly configured (Steps 19-31) and hit the Search button located at the bottom of the PanGIA console.
edge reporting issues
Another common issue is that the module map may contain either too few or too many intermodule links. PanGIA utilizes a sampling-based procedure to assign P values to every intermodule link and only those links with a P value below a specified threshold are displayed in the final module map. If the threshold is set too high, this may cause a number of spurious interactions to appear in the module. On the other hand, if the threshold is set too low, this may cause PanGIA to filter out intermodule links of biological interest. This problem may be addressed by adjusting the threshold by moving the Edge Reporting slider bar in the Advanced panel (as described in Step 26) . Moving the slider to the right will result in a higher threshold and subsequently a larger number of intermodule links in the final map. Moving it to the left will have the opposite effect.
• tIMInG The time required to complete this protocol is almost entirely dependent on the size of the genetic and physical networks being analyzed. table 5 charts the amount of time required for the module-search process (under default options) using networks of various sizes as input. For a physical and genetic network containing less than 100,000 interactions each (~200,000 interactions total), PanGIA takes, on average, ~10 min. antIcIpateD results Using the sample physical (supplementary Data 1) and genetic (supplementary Data 2) interaction networks with PanGIA, configured as suggested in this protocol (module size parameter = − 1.6, edge filtering parameter = 0.05, network filter = 2, training enabled, labeling threshold = 0.2), will produce a module map containing 82 modules and 164 intermodule links (Fig. 4a) . Overall, 34 of these modules overlap with known complexes provided in the file CYC2008_yeast_complexes.txt (supplementary Data 3) and will be labeled accordingly. The resulting module map provides a wealth of hypotheses that can form the basis for follow-up experiments. Because PanGIA has been trained on databases of known complexes and pathways, it is likely that many modules will correspond to known protein complexes in the PanGIA results [18] [19] [20] . Other modules that do not correspond to prior knowledge are prime candidates for novel complexes or pathways. The module map produced using the sample data contains 21 modules (out of 82) with two or more genes that do not overlap with any known S. cerevisiae physical complexes. One could test the members of these 21 modules for co-complex membership. An alternate strategy for revealing novel biological functions is to identify modules that are enriched for a common biological function, yet contain some genes that are not yet annotated to that particular function. For example, Module 24 ( Fig. 4b) is enriched for genes involved in nuclear pore organization (P < 7.05 × 10 − 11 ). However, two of the genes in Module 24, SEC31 and SEC16, are not annotated to this function. The logical hypothesis in this case would be that these two genes are involved in nuclear pore organization and that a deletion or knockdown of these genes should have an impact on this function.
Intermodule links, on the other hand, predict functional overlap or synergy between the two connected modules 18, 20 . For example, a large number of genetic interactions span the two modules corresponding to the Rpd3S complex and Swr1p complex (Fig. 4d,e) . The Swr1p complex has been well established as a chromatin remodeler, which deposits H2A.Z, a histone variant, onto chromatin. The function of the Set3p complex is less well understood. The intermodule link between the two complexes suggests that Set3p may have a role similar to that of the Swr1p complex. Indeed, a recent publication has provided evidence suggesting that this may be the case coMpetInG FInancIal Interests The authors declare no competing financial interests.
